End-stage liver disease has become one of the most frequent causes of death in HIV/HCV-coinfected patients. The role of new antiretrovirals in the progression of liver fibrosis has yet to be defined. However with significant toxicities and drug-to-drug interactions of nucleoside reverse transcriptase inhibitors in combination with ribavirin, with drug to drug interaction of HIV protease inhibitors with HCV protease inhibitors and calcineurin-inhibitors, new antiretrovirals lacking these interactions represent attractive alternatives in the setting of anti-HCV therapy or post liver transplantation. In the following review we want to focus on the new class of HIV integrase inhibitors and discuss present data with regard to special issues of HIV and HCV co-infection.
INTRODUCTION
With the introduction of HAART and the rapid decline of AIDS-associated mortality other comorbidities such as chronic liver disease have become main drivers for morbidity and mortality [1] . In HCV/HIV co-infected individuals sequelae of end-stage liver disease have become the most frequent non-AIDS cause of death [2] . Whereas the overall effect of HAART has been shown to be beneficial on liver fibrosis progression, probably by suppressing HIV replication and immune activation, recent data suggest that long-time exposure and accumulating drug toxicity [3] , and exposure to certain antiretrovirals such as didanosine [4] [5] [6] [7] may adversely effect the risk for liver fibrosis progression and liver related death.
Problems may also be encountered during the concomitant treatment of chronic hepatitis C infection with pegylated interferon and ribavirin combination therapy and antiretroviral therapy for HIV. Nucleoside analogues have been shown to interact with ribavirin leading to enhanced toxicity of either the nucleoside analogue or ribavirin or diminished treatment response rates probably on the basis of drug-to-drug interactions leading to decreased amounts of the active compound of ribavirin [8] . In addition, the use of specifically targeted antiretroviral therapies against hepatitis C (Stat-C) in HIV-infected populations is at present limited due to expected severe drug-to-drug interactions between inhibitors of the HIV-and HCVprotease.
End-stage liver disease compromises the metabolic capacity of the liver and can lead to toxic overdosing of antiretroviral drugs if proper dose adjustments are ignored [9] [10] [11] . Patients in need for liver transplantation encounter significant drug-to-drug interactions with protease inhibitors and immunosuppressants complicating dosing and therapeutic drug monitoring of calcineurin inhibitors and sirolimus [12] [13] [14] . New drugs with different metabolic pathways and thus less potential for drug-to-drug interactions and liver-function independent dosing would clearly be an asset in the clinical management of these patient collectives.
In the following review we want to address different aspects of HAART in the context of HIV/HCV co-infection with particular focus on the new drug class of integrase inhibitors.
HEPATOTOXICITY
Preexisting liver disease and raised ALT/AST values have consistently been found to be a predictor of HAART-related hepatotoxicity in cohort and clinical studies [15] . Even though patients co-infected with hepatitis are at significantly increased risk for hepatotoxicity, the benefits of immune reconstitution by far outweigh the potential risk for hepatotoxicity under HAART and HAART rarely needs to be stopped as a result of liver related injury. Hepatic events have been described at similar frequency in clinical trials and cohorts. Some drugs have however been found to be associated with an increased risk of hepatotoxic events, and these are stavudine, didanosine, nevirapine and full dose ritonavir [16] [17] [18] [19] . Nevirapine asscociated liver toxicity may have been overestimated in the past due to an enhanced risk of hypersensitivity reaction in case nevirapine is started in treatment naïve females with a CD4-count > 250/µl or in males with a CD4-count > 400/µl [20, 21] , though caution is still warranted in patients with hepatitis coinfection and in particular those with advanced fibrosis and cirrhosis [9, 22, 23] and fatal cases of liver failure have been observed [24] [25] [26] [27] . Drugs with increased risk of hepatotoxicity should if possible be avoided or used cautiously in patients with chronic hepatitis C co-infection as this patient population per se is at increased risk for elevated liver transaminases elevation after start of HAART.
MITOCHONDRIAL TOXICITY
Nucleoside analogues are designed to be incorporated into viral nucleic acids and act as chain terminators thus inhibiting efficient viral replication. The toxicity of these drugs is caused by inhibiting the human mitochondrial DNA polymerase gamma, an enzyme physiologically required for mtDNA replication [28] . Nucleoside reverse transcriptase inhibitor induced depletion of mtDNA leads to the impairment of fatty acid oxidation and microvesicular steatosis of the liver. Moreover, disruption of the mitochondrial respiratory chain may indirectly have a cytopathic effect on the hepatocyte and fulminant hepatic failure associated with lactic acidosis has been described as an adverse event under NRTI-containing HAART [29] [30] [31] . Fortunately, hepatic failure with lactic acidosis rarely occurs and the incidence rate is estimated to be < 0.01 % of patients receiving NRTI. In vitro mitochondrial toxicity varies between compounds. Of the NRTIs zalcitabine, stavudine and didanosine exert the highest inhibition of polymerase gamma whereas the degree of inhibition by emtricitabine, lamivudine, tenofovir, and abacavir is low. These data mirror clinical experience where most cases of lactic acidosis and severe hepatotoxicity were observed in conjunction with stavudine, zalcitabine or didanosine containing regimens [32] [33] [34] [35] . The use of didanosine and stavudine in patients with hepatitis co-infection should therefore be avoided if possible.
Within the class of integrase inhibitors, biochemical studies are available for raltegravir demonstrating that raltegravir is highly selective for HIV integrase and bound >1,000-fold selectively for integrase compared with the human polymerase gamma [36] . Based on these in-vitro studies no mitochondrial toxicity is to be expected and raltegravir may represent a suitable alternative in the context of a nucleoside free HAART when other nucleosides or nucleotides are not a therapeutic option.
HEPATOSTEATOSIS
The use of antiretroviral agents, in particular protease inhibitors and NRTI, have frequently been associated with the development of insulin resistance, triglyceride plus or minus cholesterol elevations and a lipodystrophy syndrome [37] . All these entities have been associated with non-alcoholic fatty liver disease and its complications [38] . Evidence for increased hepatosteatosis under particular antiretroviral agents has been limited to NRTIs and in particular stavudine thus far [39, 40] . Though there is theoretical rationale that protease inhibitors may also enhance the risk for hepatic steatosis as they have been associated with dyslipidemia and insulin resistance, no study has yet shown a specific risk of protease inhibitors on hepatic steatosis. Whether new antiretroviral drugs with improved metabolic profile, such as raltegravir [41, 42] , may prevent or ameliorate hepatosteatosis has yet to be determined.
HEPATIC SAFETY OF INTEGRASE INHIBITORS IN HEPATITIS CO-INFECTED PATIENTS
Of the current integrase inhibitors in clinical development, data on HCV co-infected patients is currently only available for the already licensed integrase inhibitor raltegravir. In treatment naive patients, protocol 021 of the STARTMRK study [42] , 7 % of patients enrolled in this trial were either hepatitis B or C coinfected. Grade 3 or 4 laboratory abnormalities occurred at similar frequencies within the efavirenz based arm and the raltegravir based arm with regard to ALT, AST, or alkaline phosphatase or total bilirubin elevations ( Table 1) . Data on the hepatic safety in hepatitis co-infected patients is available at present from the phase III studies [43] [44] [45] . Patients with chronic active hepatitis B and/or hepatitis C co-infection were permitted to enroll provided that the liver function tests, i.e. AST, ALT and alkaline phosphatase, did not exceed five times the upper limit of normal. Overall 113 of 699 patients were either co-infected with hepatitis B or hepatitis C or both (16.2 %). In general, the safety profile of raltegravir in patients with hepatitis B and/or hepatitis C coinfection was similar to that in patients without hepatitis B and/or hepatitis C coinfection. Liver related laboratory abnormalities occurred at similar frequency within raltegravir and optimized background treatment arms [43, 44] . As expected, in hepatitis co-infected patients [45] elevations of AST, ALT or total bilirubin were more often found, in 31 %, 31 %, and 16 % of patients, respectively, as compared to 9 %, 8 %, and 8 % of all other raltegravir-treated subjects ( Fig. 1 AST aspartate amino transferase; AP alkaline phosphatase; ALT alanine aminotransferase; ULN upper limit of normal ies from Spain and the UK have also reviewed the hepatic safety of raltegravir in HCV co-infected patients.
A single center study from Spain evaluated 218 HIVpositive patients who had received raltegravir as part of HAART [46] . Apart from being part of a rescue regimen, raltegravir was prescribed in 59% of patients because of poor tolerance or side effects with an otherwise virologically suppressive regimen. Ninetytwo (42%) were HCV positive. In this study any grade of ALT elevation was observed in 8% of HIV and 25% of HCV/HIV co-infected patients (p < 0.001).
Only three ALT elevations grade 3 or 4 were observed among HCV-positive patients, however all were considered not related to raltegravir. Among HCV-negative patients no grade 3 or 4 ALT elevation was observed. In a UK study 13 patients co-infected with HIV and HCV were switched from a PI (n = 7), NNRTI (n = 4), or NRTI only (n=2) to a raltegravir based HAART [47] . The mean ALT at baseline and three months was 247 U/l and 176 U/l, respectively. Eight patients experienced sustained improvements in the ALT at three months, though the reduction in mean ALT from baseline to three months after commencing raltegravir was not statistically significant (p = 0.1).
In summary raltegravir appears to have a favorable hepatic safety profile and increased rates of ALT elevations among hepatitis co-infected patients are similar to those observed with other recent new drugs in other clinical trials and cohorts.
EFFECT OF HAART ON LIVER FIBROSIS PROGRESSION IN CHRONIC HEPATITIS
Likely due to increasing and maintaining high CD4-cell counts as well as reducing HIV-associated immune activation HAART has been associated with reduced progression of liver fibrosis in HCV-coinfected patients and currently the European and International AIDS Clinical Society guidelines recommend early treatment initiation of antiretroviral therapy in HCV co-infected patients [8] . In fact, whereas treatment initiation is recommended in HIV-monoinfected patients with a CD4 helper cell count < 350/µl, regardless of the level of HIV-RNA, treatment in patients with HCV co-infection is recommended at a CD4 cell count between 350-500/µl.
One of the main reasons for this recommendation is summarized in a recent review of trials investigating into the effect of antiretroviral therapy on the progression of liver fibrosis in HCV-and HIV-coinfected patients [3] . Here it was shown that HAART might attenuate the progression of liver fibrosis. Although the influence of HAART did not reach statistical significance in this meta-regression analysis, the risk for cirrhosis was estimated to be lower in patients on HAART (risk ratio 1,72, 95 % CI 1,06-2,80) than in patients without HAART (risk ratio 2,49, 95 % CI 1,81-3,42), each of the groups compared with HCVmonoinfected patients. In part the lack of significant influence of HAART in this meta-analysis may be explained by the fact that only limited studies with data on HAART were available, that among the HAART studies only 74 % of patients were actually on HAART and that HAART was not always effective in terms of maximally suppressed HIV-RNA. Moreover, patients had been on HAART for rather short periods of time so that long-term beneficial effects of HAART may have been missed.
One of the largest cross-sectional biopsy studies on 656 patients showed overall a similar fibrosis progression rate among HCV-monoinfected compared with HIV/HCV-coinfected patients [48] . However, dividing HCV/HIV-coinfected patients according to their respective CD4 cell count and level of HIV RNA, Bräu et al. showed that viremic patients had enhanced fibrosis progression compared to aviremic HCV/HIVcoinfected and HCV-monoinfected patients. Moreover, the level of viremia had the strongest influence on the fibrosis progression; although aviremic patients had a fibrosis progression rate of 0.122 Ishak fibrosis units per year, patients with a viral load between 400-99,000 copies/ml had a progression rate of 0.145 Ishak fibrosis units per year and lastly, patients with an HIV RNA of more than 100,000 copies/ml had a progression rate of 0.196 Ishak fibrosis units per year. An accelerated fibrosis progression rate in HIV viremic patients was seen with CD4 cellcounts < 500 /µl compared with aviremic patients (0.162 vs. 0.123, p=0.005) but not with CD4 cellcounts > 500 /µl (0.118 vs. 0.121, p = 0.89).
That these findings indeed translate into clinical end-points has been shown impressively by Pineda and colleagues [49] . During prospective follow-up of 1.011 HIV/HCV co-infected hepatic decompensation was observed in 60 and liver-related death in 30 patients. Among the factors independently associated with the occurrence of hepatic decompensation were a CD4 cell count gain lower than 100 cells/µl and less than 60% of the follow-up with undetectable HIV viral load. Vice versa Bruno and colleagues were able to show that initiating HAART after a first hepatic decompensation significantly reduced the risk for a new hepatic decompensation and liver-related death [50] .
Data on individual agents of antiretroviral therapy and their risk on liver fibrosis progression, for the most part, is not uniform across studies, though more consistent data have been gathered on a possible nega- 
Percent of patients
tive impact of didanosine on the progression of liver fibrosis [4] [5] [6] [7] . New antiretrovirals may offer improved benefits on liver fibrosis progression due to better long-term hepatic safety profiles. Also direct antifibrotic effects of the antiretroviral drug, as have been postulated for the CCR5 inhibitors based on in-vitro data and genetic studies on CCR5 polymorphisms [51, 52] ‚, may turn out to be of additional benefit to the patient. Due to the recent licensure of raltegravir, and with elvitegravir and S/GSK1349572 still in clinical development, few long-term follow-up is available and at present there is no information whether integrase inhibitors may outperform other antiretrovirals with regard to liver fibrosis progression.
HAART AND ANTI-HCV THERAPY
Treatment of hepatitis C with pegylated interferon and ribavirin in patients on antiretroviral therapy may lead to enhanced toxicity of either ribavirin or antiretroviral drugs or lack of efficacy due to drug-to-drug interactions between ribavirin and antiretroviral drugs. Due to drug-to-drug interactions the levels of didanosine in combination with ribavirin are enhanced and severe life-threatening cases of pancreatitis have been observed under treatment of ribavirin together with didanosine [53] . The use of didanosine in combination with ribavirin is thus contraindicated. Similarly, the concomitant use of zidovudine and ribavirin has been shown to increase the risk for anemia [54] and stavudine the risk of lipoatrophy [55] and both should be avoided if possible. Recently patients on concomitant abacavir showed lower sustained virological response rates than patients who were not on abavavir [56, 57] . Intracellular drug-to-drug interactions of ribavirin and abacavir, competing for the same metabolism pathway, are hypothesized to be responsible for this phenomenon, yielding decreased amounts of biologically active ribavirin. More recent analyses suggest that this drugto-drug interaction can be overcome by adequate ribavirin dosage, i.e. current recommended weight-adapted daily doses of 1000 or 1200 mg, so that overall abacavir-based HAART may be continued if weightbased ribavirin is given to the patient [58, 59] . Due to these interactions a nucleotide based or nucleosidesparing regimen may be a reasonable option for patients undergoing pegylated interferon/ribavirin therapy. Indeed, a recent German multicenter study suggested that nucleoside-free HAART may result in better treatment responses compared to patients who continued their standard HAART [60] . Integrase inhibitors constitute a different chemical class of compounds, i.e. unlike ribavirin or NRTIs they do not belong to the class of nucleoside analogues and thus, interactions between integrase inhibitors and ribavirin are are not expected. Clinical trials have to show whether a switch from nucleoside analogues to integrase inhibitors, both as part of HAART, for the duration of anti-HCV therapy may be an option to reduce toxicity and perhaps even increase treatment response rates.
With the development of Stat-C and in particular the most advanced agents in clinical development, telaprevir and boceprevir, new anti-HCV drugs are becoming available for patients with chronic hepatitis C. Telaprevir and boceprevir both have shown very promising results for patients with HCV genotype 1 infections who are naïve to anti-HCV therapy or who have failed prior standard of care therapy with pegylated interferon and ribavirin. However, in HIV-infected patients, significant drug-to-drug interactions between boceprevir or telaprevir with HIV protease inhibitors are expected, and will further complicate treatment with these agents.
New antiretroviral agents such as the integrase inhibitors raltegravir and S/GSK1349572, both of which have not shown any significant inhibition of CYP3A [61, 62] , are not expected to show any significant drugto-drug interactions with the HCV protease inhibitors boceprevir or telaprevir. Integrase inhibitors may offer attractive treatment options, i.e. switching from a protease inhibitor based HAART to an integrase inhibitor based HAART, for HCV/HIV co-infected patients undergoing treatment for chronic hepatitis C with telaprevir or boceprevir. Clinical data on switch-strategies similar to the one suggested are still lacking. Moreover, based on the results of the SWITCHMRK study, it is important to ensure that the concomitant antiretroviral drugs are fully virologically active when switching from a ritonavir boosted protease inhibitor to raltegravir as otherwise there is an increased risk for virological failure [41] . Elvitegravir, the other integrase inhibitor in current clinical development, is administered with the new developed CYP3A inhibitor GS-9350 to reduce its first-pass metabolism and systemic clearance. As GS-9350 is more specific in the inhibition of CYP3A [63] compared to ritonavir-boosted HIV-protease inhibitors less pronounced drug-to-drug interactions may be expected with elvitegravir and HCV protease inhibitors or the immunosuppressant class of calcineurin inhibitors. Thus far however pharmacokinetic interaction studies are lacking.
HAART IN END-STAGE LIVER DISEASE
Several antiretroviral drugs are extensively metabolized via the liver so that liver cirrhosis with liver insufficiency may pose these patients at particular risk for overdosing and hepatotoxicity. Indeed data on a prospective cohort of 231 HIV/HCV-coinfected patients [22] with available liver histology who were followed for liver toxicity under a current HAART regimen showed that the adjusted rate of liver toxicity was higher in patients with cirrhosis compared with those without cirrhosis (25 vs 11 %, relative risk 2.23, p = 0.06). Furthermore liver toxicity was more frequently observed in patients with Child Pugh Score B than in Score A groups (60 vs 18 %, relative risk 4.68, p = 0.04). Patients coinfected with chronic hepatitis and advanced stages of fibrosis should thus be carefully monitored for drug-related adverse events and pharmacokinetic monitoring may be justified in cases of suspected overdosing of antiretroviral drugs. Of the current available antiretroviral drugs enhanced toxicity due to high plasma drug levels in patients with advanced liver fibrosis has been described for the NNRTIs efavirenz [9, 10, [64] [65] [66] and nevirapine [9, 23, 67, 68] . Current guidelines of the Department of Human EUROPEAN JOURNAL OF MEDICAL RESEARCH November 24, 2009 Health Services (DHHS) recommend dose adjustments in case of liver insufficiency for fos-amprenavir and indinavir and provision of unboosted atazanavir without ritonavir in case of liver cirrhosis [69] .
New antiretroviral drugs not metabolized primarily via the liver may be an attractive alternative for patients with decompensated liver disease or advanced stages of fibrosis. Raltegravir, similar to lamotrigine, phenprocoumon or naloxone, is metabolized in the liver solely via glucuronidation so that liver insufficiency is expected to have less pronounced effects on the metabolism of this drug compared to NNRTIs or PIs [70] [71] [72] . Given the broad therapeutic range of raltegravir no significant influence of hepatic insufficiency on the safety of raltegravir can be expected. Within the clinical development of raltegravir no significant effect of liver insufficiency (patients included with a CHILD-Pugh score 7 -9) on the pharmacokinetic profile of Raltegravir was observed [36] .
Liver transplantation in HIV-infected patients with HCV associated liver cirrhosis may place clinicians in a particular challenging situation as interactions between HAART, calcineurin-inhibitors and anti-HCV therapy have often to be managed simultaneously. New antiretroviral drugs offering less drug-to-drug interactions with cyclosprin A or tacrolimus would be desirable in order to facilitate post-transplant management of HIV-infected patients. As pointed out above raltegravir and S/GSK1349572 both have a low propensity to meaningfully affect the pharmacokinetics of coadministered drugs. Clinical data is available for raltegravir. which has shown no significant drug-to-drug interactions when administered to patients post liver or renal transplantation who received either sirolimus [73] , tacrolimus or cyclosporine A [74] .
CONCLUSIONS
HIV and HCV co-infected individuals benefit from early HAART due to slowed liver fibrosis progression under immune-reconstitution. The choice of antiretroviral agents is compromised in HCV co-infected patients due to an overall increased risk for hepatotoxicity and drugs with an inherent risk for liver transaminase elevations or mitochondrial toxicity should be avoided if possible. Interactions of antiretroviral drugs with ribavirin but also synergistic toxicity of some NRTIs with ribavirin in case of anti-HCV therapy further compromise the choice of NRTIs. Moreover, in cirrhotic patients liver insufficiency may complicate HIV therapy if drugs primarily metabolized via the liver are used and therapeutic drug monitoring and dose adjustments may be necessary in individual cases, in particular for the NNRTI efavirenz and some of the PIs such as Fosamprenavir. Current DHHS guidelines and prescribing information of the individual drug may help to assess the need for therapeutic drug monitoring and dose adjustment. Drug-to-drug interactions with new anti-HCV agents or immunosuppressants after liver transplantation are other potential problems to be encountered in clinical care that need to be addressed. New antiretroviral agents like the integrase inhibitors offer the opportunity to modify HAART for the duration of anti-HCV therapy to circumvent interactions with ribavirin, or the new STAT-C telaprevir and boceprevir.
Of the integrase inhibitors, raltegravir is currently the only licensed integrase inhibitor for the treatment of HIV-infection and has thus most clinical data available. In general, the safety profile of raltegravir in patients with hepatitis B and/or hepatitis C coinfection was similar to that in patients without hepatitis B and/or hepatitis C coinfection. Raltegravir may be safely administered to patients with mild or moderate liver insufficiency and no significant drug to drug interactions are known with sirolimus, cyclosporine A or tacrolimus, immunosuppressant agents used after solid organ transplantation. Elvitegravir and S/GSK1349572, integrase inhibitors currently in clinical development, may constitute further treatment options in the setting of HIV and HCV co-infection. However, already now the class of integrase inhibitors offer great treatment alternatives in the setting of anti-HCV therapy or liver transplantation.
